Theory overview of tree-level $B$ decays by De Fazio, Fulvia
Theory overview of tree-level B decays
Fulvia De Fazio∗
Istituto Nazionale di Fisica Nucleare - Sezione di Bari
E-mail: fulvia.defazio@ba.infn.it
I describe the theoretical progress in the study of semileptonic tree-level B decays, and its in-
terplay with recent experimental results. In particular, I focus on two anomalies: the ratios
R(D(∗)) =
B(B→ D(∗)τν¯τ)
B(B→ D(∗)`ν¯`)
and the inclusive versus exclusive determination of |Vcb|. I review a
few explanations proposed for such anomalies, and discuss tests to shed light on their origin.
EPS-HEP 2017, European Physical Society conference on High Energy Physics
5-12 July 2017
Venice, Italy
∗Speaker.
c© Copyright owned by the author(s) under the terms of the Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License (CC BY-NC-ND 4.0). https://pos.sissa.it/
ar
X
iv
:1
71
0.
10
01
7v
2 
 [h
ep
-p
h]
  9
 N
ov
 20
17
Theory overview of tree-level B decays Fulvia De Fazio
1. Introduction
At present, no new particles have been observed at the LHC, suggesting that maybe the new
Physics (NP) scale is not directly accessible, yet. However, a number of anomalies have appeared
in indirect searches, analyzing processes where new particles might contribute as virtual states.
From this point of view, the most promising channels are the loop-induced ones, suppressed in
the Standard Model (SM) and hence more sensitive to NP. However, quite unexpectedly, also tree-
level processes manifest some anomalies. Focusing on B and Bs decays, observables deviating
from SM predictions in loop-induced modes are the angular distributions P′5 in B→ K∗µ+µ− [1]
and Bs→ φµ+µ− [2], and the ratios RK(∗) =
B(B→ K(∗)µ+µ−)
B(B→ K(∗)e+e−) |q2∈[1,6]GeV2/c4 [3]. In tree-level
decays, deviations have emerged in the ratios R(D(∗)) =
B(B→ D(∗)τν¯τ)
B(B→ D(∗)`ν¯`)
[4–6]. The results seem
to point to lepton flavour universality (LFU) violation: R(D(∗)) reveals a difference in semitauonic
B decays with respect to µ and e modes, and RK(∗) cast a shadow on µ-e universality. This is in
conflict with the SM, where the couplings of the charged leptons to the gauge bosons are the same,
and LFU breaking only arises from the Yukawa interaction.
Besides these recent experimental results, there are long-standing puzzles in flavour physics,
namely the tension between inclusive and exclusive determinations of |Vcb| and |Vub| in the CKM
matrix. It is tempting to investigate if there is a relation with the above mentioned anomalies.
In the following, I shall discuss the deviations related to the semileptonic b→ c`ν¯` transition.
In particular, in Section 2 I shall focus on R(D(∗)), briefly reviewing the experimental situation
and a few attempts to address the anomaly. The proposal in [7] will be discussed in some detail,
mainly because of the possibility of adopting the same framework to address also the issue of |Vcb|
determinations, the subject of Section 3. Conclusions will be presented in the last Section.
2. Ratios R(D(∗))
Averaging the measurements of BaBar [4], Belle [5] and LHCb [6] Collaborations, HFAG
quotes [8]:
R(D) = 0.407±0.039±0.024 , R(D∗) = 0.304±0.013±0.07 , (2.1)
which deviate from the SM predictions [9]: R(D) = 0.296± 0.016 ,R(D∗) = 0.252± 0.003 at a
global 3.9σ . Moreover, a very recent result of Belle Collaboration, not included in (2.1), reads
R(D∗) = 0.270±0.035(stat)±0.0280.025 (syst) [10].
The enhancement of the tauonic mode might be explained in two-Higgs doublet models (2HDM)
introducing a new doublet of scalars with couplings to fermions proportional to their masses, as for
the SM Higgs. However, BaBar showed that it is not possible to simultaneously reproduce R(D)
and R(D∗) in the simplest version of 2HDM [4], hence the necessity of a different explanation [11].
Efforts have been devoted to identify models in which the RK(∗) anomaly can be also addressed, in-
voking e.g. the existence of new mediators [13] or of new particles, namely leptoquarks [14]. In
most of such models NP mainly couples to the third generation of fermions. Therefore, direct
1
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Figure 1: Forward-backward asymmetry AFB(q2) for B→ D∗τν¯τ (left panel), B→ D′1τν¯τ (middle) and
B → D∗2τν¯τ (right panel). In each panel the lower curve is the SM prediction, the upper band the NP
expectation.
searches of resonances decaying to τ+τ− at LHC put stringent limits on the masses and cou-
plings of the new mediators [15]. Other constraints emerge from flavour physics, in particular from
meson-antimeson mixing [16]. In some NP scenarios such constraints can be safely evaded, for
example in models with vector colored leptoquarks [17].
A different, model-independent approach consists in considering all possible structures that
can modify the SM effective Hamiltonian describing a given process, without an a priori assump-
tion on the NP identity, and to single out the most sensitive observables to discriminate among
the various models. In modes with τ leptons one can exploit observables sensitive to the lepton
mass, unaccessible in the case of muons or electrons [18]. The study in [7] belongs to this research
stream. A tensor operator is introduced in the SM effective Hamiltonian for b→ c semileptonic
transitions:
He f f =
GF√
2
Vcb
[
c¯γµ(1− γ5)b ¯`γµ(1− γ5)ν`+ ε`T c¯σµν(1− γ5)b ¯`σµν(1− γ5)ν`
]
, (2.2)
which affects the ratios R(D(∗)). The new coupling ε`T is assumed to be different for ` = τ and
`= e, µ , namely εe,µT ' 0 and εT ≡ ετT [7] . Writing εT = |aT |eiθ + εT0, the data in [4] on R(D(∗))
provide the constraints Re[εT0] = 0.17 , Im[εT0] = 0, |aT | ∈ [0.24, 0.27], θ ∈ [2.6, 3.7] rad.
Predictions for other observables can be obtained varying εT in this range, and allow us to
discriminate the model from SM and from other NP scenarios. One observable is the forward-
backward asymmetry: AFB(q2) =
[∫ 1
0
d cosθ`
dΓ
dq2d cosθ`
−
∫ 0
−1
d cosθ`
dΓ
dq2d cosθ`
]
/
dΓ
dq2
, with
q2 the lepton pair squared invariant mass and θ` the angle between the τ and D(∗) directions in the
lepton pair rest frame. The result in Fig. 1 (left plot), which refers to the D∗ mode, shows that
the SM prediction is systematically below the NP result, and has a zero at q2 ' 6.15 GeV2 shifted
towards larger values in the NP model, q2 ∈ [8.1,9.3] GeV2.
The tensor operator also affects semileptonic B(s) decays to excited charmed mesons. The
lightest ones of such charmed states, the orbital excitations, are generically indicated as D∗∗(s) and
can be classified in doublets: (D∗(s)0, D
′
(s)1) with spin-parity J
P = (0+,1+), and (D(s)1, D∗(s)2) with
JP = (1+,2+). All these states with and without strangeness have been observed, as discussed
in [19]. In the heavy quark limit, the B→ D∗∗ transitions are described in terms of two universal
form factors, τ1/2(w), τ3/2(w). Using their QCD sum rule determination [20] several observables
can be computed, in particular the forward-backward asymmetries. Fig. 1 (middle and right panels)
2
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Figure 2: Correlation between R(D∗(s)0), R(D
′
(s)1) (left) and R(D(s)1), R(D
∗
(s)2) (right). Orange, dark
(green, light) regions refer to mesons without (with) strangeness. The dots (triangles) are the SM results for
mesons without (with) strangeness.
shows the asymmetries for D′1 and D
∗
2. The zero of AFB(q
2), present in both cases in SM, is
shifted in B→ D′1τν¯τ to larger values of q2, and disappears in B→ D∗2τν¯τ . The ratios R(D∗∗(s)) =
B(B(s)→ D∗∗(s)τ ν¯τ)
B(B(s)→ D∗∗(s)` ν¯`)
can also be computed. The correlations between them are shown in Fig. 2
together with the SM predictions. The effect of the new tensor operator is an enhancement of the
ratios, correlated for the two states in the same spin doublet.
3. Determination of |Vcb| from inclusive and exclusive semileptonic B decays
The CKM elements Vub and Vcb play an important role in the SM description of CP violation
in the quark sector. However, the determinations of |Vub| and |Vcb| from exclusive and inclusive
semileptonic B decays are only marginally compatible. For |Vcb| the Particle Data Group quotes
[21]
|Vcb|excl = (39.2±0.7)×10−3 , |Vcb|incl = (42.2±0.8)×10−3. (3.1)
The tension in (3.1) represents a long-standing puzzle in flavour physics. Within SM a solution
has been recently proposed [35], using the Belle Collaboration data for the fully differential B→
D∗`ν¯` decay distribution [36] and scutinizing two different parameterizations of the form factors
in the theoretical expression: the Caprini, Lellouch, Neubert (CLN) [31], usually adopted in the
experimental analyses, and the one proposed by Boyd, Grinstein and Lebed (BGL) [37]. A similar
comparison has been performed for B→ D`ν¯` [38]. While both form factor parametrizations are
based on unitarity and analiticity, the CLN parametrization relies on HQET relations, BGL includes
single particle (B∗c) contributions. It is observed that both parametrizations have the same accuracy
at large recoil in reproducing the data, but BGL better follows the low-recoil results, with a |Vcb|
determination closer to the inclusive one. However, the conclusion about the critical role of the
form factor parametrization in the |Vcb| anomaly needs to be validated using different data sets
from other experiments. The necessity of improving HQET relations has been stressed, since
the uncertainty in the exclusive determination of |Vcb| using the CLN parametrization could be
underestimated without the inclusion of the errors on subleading ΛQCD/mQ terms [39].
An intriguing scenario could arise if a common NP solution were found to the |Vcb| puzzle and
the R(D(∗)) anomalies. The possibility that NP effects could be responsible of the tension in the
3
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|Vcb| determinations has been already considered [22–24], with a negative conclusion. In particular,
the argument in [23] is that a new scalar or a new tensor operator in the effective b→ c Hamiltonian,
for massless leptons, induces the same effect in both exclusive and inclusive semileptonic modes
at zero recoil, producing the same changes in |Vcb|. On the other hand, a new vector or axial-
vector operator would result in modified W couplings and, due to the SM SU(2) symmetry, in Z
couplings to fermions modified at a level experimentally excluded [23]. Notice, however, that the
inclusive determination of |Vcb| relies on the comparison between the theoretical and experimental
full width [25], while exclusive modes are analyzed close to zero recoil [21]. In [26] it has been
shown, considering in particular the case of a new tensor operator in the weak Hamiltonian, that
the lepton mass is important and, for muons, it can produce a sizable interference between the SM
and the NP contribution, with a different impact on the exclusive and the inclusive B decays, hence
on |Vcb|. This jeopardizes the argument in [23]. The NP effect is different in the inclusive and
exclusive modes also in the electron modes, where the SM and NP interference is negligible.
Let us explain the reasoning in [26]. The effective Hamiltonian is in (2.2), with the assump-
tion that not only ετT , but also ε
(µ,e)
T can be non vanishing. The observables are written as the
sum of three terms: the SM contribution, the NP term generated by the tensor operator and their
interference. For the inclusive mode, the spectrum in the dilepton invariant mass qˆ2 = q2/m2b reads
dΓ
dqˆ2
=C(q2)
[
dΓ˜
dqˆ2
|SM+ |εT |2 dΓ˜dqˆ2 |NP+Re(εT )
dΓ˜
dqˆ2
|INT
]
, (3.2)
with C(q2) = G
2
F |Vcb|2m5b
96pi3 λ
1/2
(
1− mˆ2`qˆ2
)2
, mˆ` = m`/mb, λ = λ (1,ρ, qˆ2) the triangular function and
ρ = m2c/m2b. Using the Heavy Quark Expansion (HQE) [27], each term in (3.2) can be written as a
series in powers of the inverse heavy quark mass. In turn, each term in the series is the product of
coefficient functions times matrix elements of local operators with increasing dimension; at each
order in 1/mQ, the coefficient functions can be expanded in αs. The leading term reproduces the
free Q decay width; the O(m−1Q ) term is absent. The SM result in the case of massive leptons can
be found in [28], the NP and INT terms at leading order in 1/mQ is in [7] and at O(m−2Q ) in [26].
Integrating (3.2) the full width is obtained, so that the branching fraction can be compared to the
measurement: B(B+→ Xce+νe) = (10.8±0.4)×10−2 [21]. Since no data are separately reported
for muon, this result has to be used also in that case, while in the theoretical prediction me 6= mµ
is kept. The datum constrains (Re(ε`T ), Im(ε`T ), |Vcb|), as shown in Fig. 3, and an upper bound on
|Vcb| can be established: at 1σ , |Vcb| ≤ 42.85×10−3 in the muon case and |Vcb| ≤ 42.73×10−3 in
the electron case, in correspondence to the SM point ε`T = 0. Nonvanishing values of ε`T produce
the regions in Fig. 3, which continue to smaller values of |Vcb| if |ε`T | is increased. |Vcb| is bounded
from below by the B→D(∗)`ν¯` modes. The description of such modes requires the B→D(∗) form
factors that, in the HQ limit, can be related to the Isgur-Wise function ξ (w) [29], with w defined by
the relation q2 = m2B+m
2
D(∗) −2mBmD(∗)w. 1/mQ and O(αs) corrections can be included [30, 31].
For finite quark mass, several form factor determinations are available. In [26] lattice QCD results
[32, 33] have been exploited. The other form factors have been derived using HQ relations at
NLO, as described in [7]. For the decays B− → D0`−ν¯`, the BaBar Collaboration has provided
separate measurements for µ and e modes [34]: B(B− → D0µ−ν¯µ) = (2.25± 0.04± 0.17)%,
B(B− → D0e−ν¯e) = (2.38± 0.04± 0.15)%. Comparison of these data with theory constrains
4
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Figure 3: Cutaway view of the parameter space Re(ε`T ), Im(ε`T ), and |Vcb| allowing to obtain B(B+ →
Xc`+ν`) within 1σ for muon (left) and electron mode (right).
(Re(ε`T ), Im(ε`T ), |Vcb|), while for B−→D∗0`−ν¯`, the comparison is performed for the distribution
dΓ
dw
close to the zero recoil point w→ 1 using the BaBar result [34].
All the constraints from inclusive and exclusive modes can be combined. In the muon chan-
nels, the upper (left and middle) panels of Fig. 4 show the parameter regions selected by the ex-
clusive constraints (larger yellow space) superimposed to the region determined from the inclu-
sive mode (smaller inner space). The left plot refers to B(B− → D0µ−ν¯µ), the middle one to
dΓ
dw
(B−→D∗0µ−ν¯µ). The region where all constraints are fulfilled is shown in the right plot. The
bottom panels in the same figure refer to the electron mode.
In the case of µ , exclusive data put a lower bound on |Vcb| and slightly reduce the upper
Figure 4: Top panels: allowed regions in the (Re(εµT ), Im(ε
µ
T ), |Vcb|) parameter space, determined from the
inclusive mode (internal hollow region) together with the exclusive D mode (external hollow region, right
plot), and from the inclusive mode together with the decay to D∗ (external hollow region, middle plot). The
intersection of the three regions is shown in the right plot. The bottom panels refer to the electron case.
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bound, as shown in Fig. 5 (left and middle plots). The figure displays the projections in the
(Re(εµT ), Im(ε
µ
T )) plane of the parameter space in correspondence to the extreme values of |Vcb|,
those for which the regions selected using the various constraints do not overlap. The obtained
range is |Vcb| ∈ [0.0343, 0.0421]. The range for εµT depends on |Vcb|, with the largest allowed value
|εµT | ' 0.2. The lepton mass effect and the interference term are at the origin of the fact that the
symmetry axes of the two regions of parameters, resulting from the inclusive and the exclusive
constraints, do not intersect the (Re(εµT ), Im(ε
µ
T )) plane at the origin and do not coincide. Hence,
the NP contribution differently affects the inclusive and the two exclusive channels.
For the electron mode, changes in the results are due to the tiny value of the e mass. The exclu-
sive constraints do not modify the upper bound |Vcb| ≤ 0.04273 put by the inclusive analysis, and a
lower bound is found, as shown in Fig. 5 (right). The range |Vcb| ∈ [0.036, 0.0427] and the bound
|εeT | ≤ 0.17 are found. The conclusion is that it is possible to find sets of three parameters fulfilling
all the constraints both for µ and e. For |Vcb| this happens in the range |Vcb| ∈ [0.036, 0.042]. Al-
though the uncertainty on |Vcb| is quite sizable, the analysis shows that it is possible to reconcile its
inclusive and exclusive determinations via a non SM contribution.
The role of the NP contribution and of the interference between SM and NP can be assessed
integrating separately the three terms in (3.2). The results, divided by the full decay width, are
denoted by BSM, BNP, BINT . Fig. 6 shows the ratios BINTBNP and
BINT+BNP
BSM
obtained varying
(Re(ε`T ), Im(ε`T ), |Vcb|) in the allowed ranges. The left plots refer to the inclusive modes, the right
ones to the exclusive decay to D. Green color refers to the muon, blue to the electron. BINT can
be sizable with respect to BNP for the muon and is negligible for the electron. For both µ and
e, BINT +BNP is negligible for large |Vcb| and sizable for small |Vcb|. The tensor operator has a
larger impact in the inclusive mode than in D channel. NP affects in a different way these decays:
this is an example of how a new term in the effective Hamiltonian could be at the origin of the |Vcb|
anomaly.
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Figure 5: Muon channel (left and middle panel): projections of the overlap region in Fig. 4 on the
(Re(εµT ), Im(ε
µ
T )) plane. The blue region corresponds to the constraint from the exclusive decay to D,
the orange region to the constraint from D∗ and the green region to the constraint from the inclusive mode.
The left (middle) plot corresponds to the largest (smallest) allowed value of |Vcb|. Electron channel (right
plot): projections of the overlap region in Fig. 4 in the (Re(εeT ), Im(εeT )) plane. |Vcb| is set to the smallest
allowed value. Color coding as in the µ case.
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Figure 6: Relative size of the NP contributions to B(B− → Xcµ−ν¯µ) (left panel, green) and B(B− →
Xce−ν¯e) (blue), and toB(B−→ D0µ−ν¯µ) (right panel, green) andB(B−→ D0e−ν¯e) (blue).
4. Conclusions
The anomalies emerged in B decays seem to point to LFU violation. Several paths can be
followed to confirm/discard this conclusion. The R(D(∗)) results suggest to search similar effects
in Bs, Bc, Λb semileptonic decays, as well as in B to D∗∗ modes. The purely leptonic Bc → τν¯τ
channel is a testing ground for the scenario with a new tensor operator. The analyses would also
contribute to shed light on the |Vcb| puzzle: in this case, separate rmeasurements for inclusive
and exclusive semileptonic B to µ and e modes are called for [26]. To check the impact of form
factor models, it is important to investigate if there are analogous hints of LFU violation in b→ u
transitions, also in connection with the determination of |Vub|.
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